[1] For the period of 1990 to 2000, atmospheric particulate mass concentrations have decreased in Central Europe. Simultaneously, the amount of shortwave radiation reaching the ground increased during clear sky conditions. The aerosol indirect effect has not been seen as clearly, as the radiation reaching the ground during overcast conditions has not increased as much as might be expected. Here we show that this may be caused by the condensation kinetics of water during cloud droplet formation. The decrease in the particulate mass led to a clear decrease in the number concentration of cloud condensation nuclei (CCN). However, in urban areas a relatively larger decrease in the number of particles in the upper end of the accumulation mode has led to slower condensation of water. As a result, a higher maximum supersaturation is reached during the cloud droplet formation. This compensates for the effect of decreased CCN concentrations. For example in Erfurt between 1991 and 1996, the aerosol properties changed so that aerosol optical depth decreased by 58% and CCN concentration decreased by 25 to 50%. These led to a 4 to 12% reduction in cloud droplet number concentration (CDNC) and less than a 2 Wm À2 increase in shortwave radiation during overcast conditions. These results demonstrate that locally the aerosol direct effect can be much larger than the aerosol indirect effect. Furthermore, even though AOD appears to be a valid proxy for CCN, the correlation between AOD and CDNC is not straightforward and thus AOD cannot be used as a proxy for CDNC. 
Introduction
[2] The uncertainty related to the interaction between atmospheric aerosol and clouds is one of the key factors that need to be reduced to make climate predictions more accurate. It is estimated that the global warming caused by the increases in greenhouse gas concentrations is partly counteracted by increases in the concentration of atmospheric aerosol particles, which affect the Earth's radiative balance both directly by scattering solar shortwave radiation and indirectly by acting as cloud condensation nuclei (CCN). An increase in CCN causes an increase in the reflectivity of clouds. Compared to greenhouse gases, one difficulty with aerosol particles is that their lifetime is much shorter and they are unevenly distributed in the atmosphere with number concentrations ranging from a few particles per cm 3 in clean areas [e.g., Asmi et al., 2010 ] to about 10 6 cm À3 in very polluted regions [e.g., Mönkkönen et al., 2005] . This is a challenge for experimentalists as it is impossible to make direct measurements all over the atmosphere, as well as for modelers as the model resolution sets limits to how accurately different processes affecting aerosol particles can be taken into account.
[3] One possibility for estimating the aerosol climate effects experimentally could be remote sensing methods that can cover large areas in a short period of time. One of the aerosol products available from both satellite measurements and the surface based AERONET network is Aerosol Optical Depth (AOD), which describes how much aerosol attenuates the solar radiation from the top of the atmosphere down to the surface. Although AOD itself contains no information about the aerosol size distribution, there have been some efforts to use it as a proxy for aerosol concentration, and it has been shown that a correlation exists between AOD and the number concentration of cloud condensation nuclei (CCN) when results from AERONET network are compared to existing atmospheric CCN measurements [Andreae, 2009] . Naturally different types of aerosols in different areas and the vertical profile of aerosol particles in the atmosphere cause uncertainty in the AOD retrieved CCN concentration, and as shown by Andreae [2009] there can be as big as a factor of 4 difference in CCN concentration for a given AOD caused by differences in the aerosol size distribution.
[4] Although we can get an estimate of CCN concentration from AOD measurements, the cloud microphysical properties cannot be determined as there is no one-to-one relation between CCN concentration and cloud droplet number concentration (CDNC). A major reason for this is condensation kinetics related to cloud droplet formation. Large particles, which have the greatest effect on AOD and usually increase the CCN concentration at low supersaturations, are a strong sink for water during cloud formation. The growth of these particles to cloud droplets lowers the maximum supersaturation reached above the cloud base, and as a result the total number of cloud droplets is decreased. In principle it is possible that adding some large CCN particles into the existing aerosol distribution (and thus increasing the CCN at a fixed supersaturation), can result in a decrease in the total number concentration of cloud droplets [e.g., O'Dowd et al.,1998; Ghan et al., 1998; Korhonen et al., 2010] . After cloud droplet formation, i.e., during later stages of the cloud development, CNDC is affected further by processes like entrainment, autoconversion and drizzle formation [e.g., Yum and Hudson, 2002; Lu et al., 2008; Wang et al., 2009] [5] Related to condensation kinetics, there is also the effect of increased aerosol number concentration on CDNC [e.g., Chuang et al., 1997] . When aerosol number concentration increases and reaches a certain level, CDNC saturates and no further (or at least no notable) increase in CDNC can be seen if particle concentration is further increased [Reutter et al., 2009] . Based on an extensive set of cloud parcel model simulations, Reutter et al. [2009] concluded that the activation of aerosol particles to cloud droplets can be divided into different regimes in terms of updraft velocity and number of aerosol particles. At very high aerosol concentrations, CDNC is determined by the updraft velocity and not by the number of aerosol particles present, and thus the first indirect effect cannot be observed. However, the Reutter et al. [2009] results were based on simulations conducted using a lognormal aerosol size distribution with only a single mode, so they were quite simplified compared to the real atmosphere.
[6] Taking into account all the kinetic effects related to cloud droplet formation makes it difficult to estimate the aerosol cloud interaction (ACI) parameter, which relates the change in a cloud property like droplet concentration or cloud optical depth (COD) to a change in a measure of aerosol burden such as aerosol particle concentration or AOD when liquid water path (LWP) is kept constant [see, e.g., Martin et al., 1994; Feingold et al., 2001; Breon et al., 2002; Feingold, 2003; Garrett et al., 2004; McComiskey et al., 2009; Shao and Liu, 2009; Lihavainen et al., 2010] :
Because of condensation kinetics and other processes affecting N d , even controversial results related to ACI might result from the over-simplified representation of atmospheric aerosol, e.g., when a property such as AOD is used as a proxy for CCN concentration or even further for aerosol size distribution. A good example related to this is the recently published study by Ruckstuhl et al. [2010] , where AOD and solar irradiance measurements in Northern Germany and Switzerland were used to study both direct and indirect effects of aerosol. As the emissions of pollutants have decreased sharply since 1990, the area of Northern Germany is a perfect test laboratory for aerosol effects in the atmosphere. As presented by Ruckstuhl et al. [2010] , the decrease in AOD can be seen as an increased amount of shortwave radiation reaching the ground during clear sky conditions. In the area of North Germany the maximum values in the AOD at 550 nm wavelength exceeded 0.4 in 1991-1992, decreasing to around 0.2 or less after 5 years. However, at the same time the amount of transmitted radiation measured under overcast sky did not change as clearly if at all, and based on this it is concluded that the first aerosol indirect effect makes only a small contribution over Europe when the solar radiation reaching surface is considered. This would mean that the COD does not change although AOD does and thus the ACI would be zero. What must be noted is that the definition of ACI is valid only in case of constant LWP. Thus it is possible that small changes in LWP caused by changes in meteorology could also counteract the changes caused by aerosol microphysics. This would hide the aerosol indirect effect at least in the case when only the cloud optical properties are studied.
[7] In this study we present a likely reason for the fact that the first aerosol indirect effect was not observed in the study of Ruckstuhl et al. [2010] . We show that although AOD can to some extent be used as a proxy for CCN concentration, it is not adequate for estimating CDNC. Using a cloud parcel model and aerosol size distribution measurements from two sites we show that the aerosol indirect effect is almost saturated in such polluted conditions that prevailed in the area of Eastern Germany. We also show that, due to new particle formation in the atmosphere and activation kinetics, the decrease in the amount of atmospheric pollution can in some cases lead to an increase in cloud droplet number concentrations.
Methods
[8] In this study, we combine measured particle size distributions with cloud parcel and radiative transfer models to investigate the kinetics of cloud formation in an environment with changing aerosol concentrations. The ability of a single aerosol particle to act as a cloud condensation nucleus at a given supersaturation can be studied using the Köhler theory [Köhler, 1936] . The theory does not take into account the kinetics of water or water soluble gas condensation, and thus a dynamic model describing the actual condensation process is needed. In this study we use a cloud parcel model that solves the differential equations describing the condensation of water, nitric acid and ammonia on an aerosol size distribution in an adiabatically cooling air parcel. Thus we are studying only the first stages of cloud formation affected only by condensation dynamics and we are not considering the effects of entrainment or collision-coalescence on the cloud droplet size distribution in this study. The model has been described elsewhere [Kokkola et al., 2003] , and it has been used in several aerosol cloud interaction studies [e.g., Romakkaniemi et al., 2005a; Kokkola et al., 2006] so it is described here only briefly. The differential equations are solved using an ordinary differential equation solver DLSODE (www.netlib.org), which solves initial-value problems for stiff or non-stiff ordinary differential equations using backward differentiation formulae. The liquid phase thermodynamics needed for the vapor pressures on the liquid particle surfaces is calculated with a modified version of EQUISOLV II, which is a chemical equilibrium code [Jacobson, 1999] . The aerosol size distribution is represented by the method of moving sections, and the number of sections used in the simulations has been set to 500. For this study, cloud droplets are defined at those with a radius is larger than 1.5 mm. The reported CDNC values are mean values for LWCs between 0.1 and 0.2 g kg À1 . Kinetic effects related to cloud droplet activation are especially important in the case of high CDNC values and low maximum supersaturations [Nenes et al., 2001] . If the number concentration of particles that overcome their critical size, were used for defining cloud droplets, the CDNC would be overestimated as many cloud droplets evaporate due to the reason that supersaturation in the cloud decreases faster than droplets grow resulting in a decrease in saturation at the droplet surface [Nenes et al., 2001] . Also taking CDNC at a certain height above the cloud base would give altitude dependent results. Thus by taking the mean value averaged over some altitude range from cloud base we avoid this problem, but still consider only adiabatic air parcels ascending in the cloud.
[9] The cloud droplet number concentrations (CDNC) from the cloud parcel model were further used in idealized radiative transfer simulations to evaluate how the cloud radiative effect (CRE) on the downwelling solar flux at the surface depends on the aerosol distribution. These simulations used the Freidenreich and Ramaswamy [Freidenreich and Ramaswamy, 1999] radiation code combined with the DISORT [Stamnes et al., 1988] radiative transfer solver with four streams. An overcast stratocumulus cloud was assumed, with liquid water content (LWC) increasing from zero at cloud bottom to its maximum at cloud top with a vertical gradient of 2 g kg À1 km
À1
. The LWP was varied between 20 and 200 g À2 covering the typical values for stratocumulus clouds. The same vertical profile of liquid water content (LWC) was assumed in all experiments; only the CDNC was changed. A gamma distribution with a fixed effective variance of 0.1 was assumed for cloud droplet sizes. Thus, the dispersion effect [Liu and Daum, 2002] is not accounted for in the calculations. Were it included, this would probably further diminish the differences in CRE associated with changes in aerosol concentration. The values of CRE reported (in Figure 3c below) are diurnal averages for latitude 52 N and assume a solar declination of 0 , a top-of-the atmosphere insolation of 1365 Wm
À2
, and a surface albedo of 0.2. Temperature, water vapor and ozone profiles for midlatitude summer and midlatitude winter [McClatchey et al., 1972] were used in the calculations; the reported results are averages for these two cases.
[10] To study aerosol-cloud interactions over a long period in a certain area, we would need information about the aerosol size distribution and also about aerosol particle chemical composition. Unfortunately long-term measurements are practically non-existent before 1990. Kreyling et al. [2003] have reported aerosol size distribution measurements in the city of Erfurt (50 59′N, 11 2′ E) in Eastern Germany. The earliest reported long-term measurements are from the winter 1990/1991. Particle number size distributions between 10 nm and 2.5 mm were recorded by a combination of mobility particle spectrometer and optical particle sizing spectrometer. The measurements were conducted within the city, and they were not continuous but concentrated on winter times; from the data set we chose the four earliest winters 90/91, 95/96, 96/97, and 98/99, which cover the time period when emissions decreased rapidly in this region.
[11] The second data set used in the study originates from Melpitz (51 32′N, 12 56′ E) a rural observation site in Eastern Germany. Particle number concentrations in a size range from 3 to 800 nm were collected with a twin differential mobility particle sizer [Birmili et al., 2001; Engler et al., 2007] . The accuracy of the measured particle number concentrations is estimated to be +/À10%. A comparison of the number concentration data collected in 1996-1997 and 2003 yielded a decreasing trend of the number concentration originating from secondary new particle formation [Hamed et al., 2010] . Compared to Erfurt, Melpitz is situated in a less polluted area. For both data sets we calculated theoretical aerosol extinction values using the Mie calculation tool in LibRadtran [Mayer and Kylling, 2005] , assuming purely scattering particles with the real part of refractive index of 1.5.
Results

Aerosol Size Distribution: Erfurt
[12] The average measured wintertime aerosol size distributions from Erfurt for the selected years are presented in Figure 1 . As can be seen, over the time the number concentration of large particles has decreased notably whereas the concentration of small particles has increased. This increase has been speculated to have been caused by traffic as the measurement station is located close to traffic [Ebelt et al., 2001] . Also between the years 1991 to 1998, power plants in the area started to use gas as the main fuel instead of coal, and that has reduced the PM2.5, thus decreasing the scavenging of small particles to larger ones [Ebelt et al., 2001] . Overall, both PM2.5 concentrations and AOD values have decreased significantly, but at the same time the total aerosol number concentration has not changed to the same degree at this site [Kreyling et al., 2003] . However, the small particles with diameter smaller than about 100 nm, are not able to act as CCN in polluted conditions, and thus the increased concentration is more interesting for health perspective than for climate.
[13] For the chosen years we fitted lognormal size distributions with three modes to the measured data as shown in Figure 1 . To make sure that the measured distributions are in line with the AOD decrease in the area, we estimated AOD from the measured size distributions for each year. This was done by calculating the aerosol extinction and assuming a well-mixed boundary layer with 1 km height to get the columnar AOD value. As a result, we get AODs of 0.36, 0.22, 0.15 and 0.11 for the winters 1991/92, 1995/96, 1996/ 97, and 1998/99, respectively. Thus from 91 to 98 the AOD calculated using this method decreases by a factor of three, which is quite reasonable when compared to the Ruckstuhl et al. [2010] results as Erfurt is an urban location, and thus the change in aerosol loading should be stronger on average than over a larger area that includes regions with less urban sources.
[14] The size distributions presented in Figure 1 were used as input for a cloud parcel model, which was run with varying updraft velocities from the relative humidity of 95% to supersaturation until the LWC of 0.2 g kg À1 was reached. CCN concentrations at different supersaturations were estimated with the same model by running the model in constant temperature and slowly adding gas phase water to increase supersaturation.
[15] A reasonable estimate of the composition of aerosol particles is needed to drive the cloud parcel model. We first assume all particles to have the same composition (i.e., internal mixture) of ammonium sulfate and a soluble organic compound with a molecular mass of 275 g mol À1 . This can be considered a quite typical organic compound as the hygroscopicity described by the kappa-value is 0.07. For the year 1996, Ebelt et al. [2001] reported SO 4 concentration to be 8.24 mg m À3 in PM. From that we estimated the ammonium sulfate mass fraction to be 14% of total aerosol mass based on the measured size distribution and an assumed density of 1.2 g cm À3 for the organic component. In the first set of simulations we assume the same composition for other years.
Simulations for the Erfurt Case
[16] As shown previously, the calculated AOD decreases 58% between 1991 and 1996. From Figure 2a we can see that at the same time the number concentration of CCN is reduced by $60% for the supersaturations from 0.05% to 0.2%. However, for the same aerosol size distribution, the decrease in CDNC is only 10 to 20% depending on the updraft velocity used as shown in Figure 2b . The reason for the smaller effect of the AOD decrease on CDNC than on CCN is the competition of water between different-sized particles and cloud droplets: when a CCN concentration decreases, clouds forming under otherwise similar conditions reach higher supersaturations and a bigger fraction of CCN is activated into cloud droplet. The cloud model simulations account for this competition of water between different sized droplets and their effect on supersaturation reached above the cloud base. The result is that for distributions that differ only in the number of large particles, even though both contain the same number of CCN, the maximum supersaturation is lower in the case of higher number of larger particles and this leads to a lower CDNC. As can be seen from Figure 2c , the maximum supersaturation clearly increases from 1991 to 1998 and thus changes in CDNC are much smaller than changes in CCN concentration.
[17] In the results presented in Figure 2 we assumed all material to be soluble with the ammonium sulfate mass fraction corresponding to the measured SO 4 concentration in 1991. In reality there are other compounds, like ammonium nitrate, that are also soluble and affect the CCN-activity of aerosol particles. In the measurements conducted since 1993 in Melpitz, Germany, the amount of nitrate was found to be comparable to the amount of sulfate and thus it is likely that 
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the condensation of nitric acid will affect CDNC to some extent [e.g., Kulmala et al., 1993; Romakkaniemi et al., 2005b] . It is also known from measurements that the actual decrease in the amount of SO 4 in aerosol particles was not as strong as the decrease in the total PM. Instead it was reported by Ebelt et al. [2001] that the SO 4 concentration decreased from 8.24 mg m À3 to 4.11 mg m À3 between 1991 and 1998. Based on these measurements, we can create an estimate for ammonium sulfate mass fraction since we know that the PM 2.5 values dropped by 75% during the same period. Thus the sulfate mass fraction was higher in 1998, and if nothing else changed then aerosol was more hygroscopic in 1998. Due to the lack of information about size dependent composition we simply have to assume particles to be internally mixed, i.e., all particles have the same composition.
[18] To account for the changes in the aerosol composition described above, we made a second simulation set in which the fraction of SO 4 for different years was estimated based on the results that the sulfate concentration decreased from 8.24 mg m À3 in 1991 to 4.11 mg m À3 by the year 1998. We also added nitric acid as a semivolatile compound into the system with the gas phase concentration of 1 ppb for 1991 decreasing linearly to 0.8 ppb for 1998. This 20% decrease corresponds to a 19% decrease in NO 2 concentration measured in Erfurt [Ebelt et al., 2001] . The results for these simulations are presented in Figure 3 . The result of these modifications is that the number of cloud droplets increases compared to simulations presented in Figure 2 . This is caused both by the added nitric acid and by the increased hygroscopicity due to changing ammonium sulfate concentrations between years 1991 to 1998. Nitric acid condenses into liquid aerosol particles just prior to cloud droplet formation, and thus effectively increases the soluble mass in particles that are close to the activation limit. However, as the concentration of HNO 3 is assumed to decrease with decreasing amount of gas phase NO 2 , the relative difference in CDNC between years 1991 and 1998 is almost the same in cases when HNO 3 condensation is included or not.
[19] When we take into account the change in the composition, we can see that during the period (1991/1992 -1995/1996 ) the number concentration of CCN is reduced by $25 to $50% for supersaturations of 0.05% to 0.2% (Figure 3a) . However, the decrease in CDNC is only $4 to $12% depending on the updraft velocity used (Figure 3b ). In Figure 3c we show how this change in CDNC would have influenced the shortwave radiation reaching the surface for various values of cloud LWP. For example when LWP = 120 g m À2 is assumed, the change in the surface radiation from 1991 to 1996 is only between 1.1 Wm À2 and 1.9 Wm À2 depending on the updraft velocity. Thus the initial decrease of 58% in AOD can be seen as a $25 to $50% decrease in CCN concentration, a $4 to $12% decrease in CDNC and only a $1% decrease in the SW cloud radiative effect at the surface.
[20] We have also conducted simulations (not shown) assuming all organics to be insoluble. This assumption decreases the hygroscopicity of aerosol particles and thus also decreases CDNC, but only moderately as at the same time the maximum supersaturation reached above the cloud base increases. With decreasing hygroscopicity the role of nitric acid increases. For condensing nitric acid the effect on S max is not large enough to balance increased amount of soluble material because nitric acid condenses mostly on, and thus increases mainly the hygroscopicity of, particles that are closest to the activation limit [Kulmala et al., 1993; Romakkaniemi et al., 2005a] .
[21] Also worth mentioning is the importance of chemical composition of aerosol particles in polluted conditions, where supersaturations at the cloud base are low. For example when years 1995 and 1996 are compared, the number of CCN is clearly larger in 1995 if the same composition is assumed. When composition is assumed to follow the measured SO 4 concentration (Figure 3) , the CCN concentration in 1996 is closer to the 1995 CCN concentration. However, regardless of composition CDNC is higher in 1996 than in 1995 although particles are clearly larger in 1995.
Simulations for the Melpitz Case
[22] The results presented above are for size distributions measured at Erfurt, which can be considered an urban measurement station. Unfortunately, to our knowledge, no longterm measurements from the early 1990s are available for Figure 2 the composition of aerosol particles is changed and HNO 3 condensation from the gas phase is taken into account. Ammonium sulfate mass fractions are 14%, 21%, 25% and 36% for years 1991, 1995, 1996 and 1998, respectively. other stations in this region. Hamed et al. [2010] analyzed the effect of decreasing SO 2 concentration on aerosol size distribution measured between the periods of 1996/97 and 2003/06 in Melpitz, Germany. The station is surrounded by agricultural land, and thus the aerosol concentrations there are less affected by anthropogenic emissions than Erfurt. Hamed et al. [2010] found that the decrease in atmospheric SO 2 concentration leads to a decrease in the total aerosol number concentration, but the number concentration of CCN-sized particles can actually increase and thus both direct and indirect aerosol effect could actually be strengthened by the decreased amount of SO 2 pollution. This is because the amount of secondary organic aerosol (SOA) did not decrease (actually the total SOA might have even increased as temperatures and thus VOC emissions for the second period were higher), and thus for 2003/06 there is more SOA available for the smaller aerosol concentration and thus the particles grow larger. Here we test if that conclusion also holds for cloud droplet number concentration. We fitted lognormal modes into data presented by Hamed et al. [2010] and shown in Figure 4 , and used it as an input for the cloud parcel model. Again, with no data available on the composition, we have to rely on assumptions. Based on the work of Spindler et al. [2004] the SO 4 concentration at this site decreased to less than half from 1996/97 to 2003/06 and the amount of nitrate has been found comparable to the amount of sulfate. At the same time, changes in aerosol concentration are smaller (as seen from Figure 4) , and thus aerosol hygroscopicity has slightly decreased from 1996/97 to 2003/06.
[23] As can be seen from Table 1 , the change in CDNC between 1996/97 and 2003/06 is quite small. For average aerosol size distributions in 1996/97, CDNC is higher during the non-event days(i.e., days without new particle formation) than during the event days, but for the period between 2003/ 06 this is changed and more CDNC can be seen during the nucleation event days. The number of nucleation event days was roughly the same as that of non-event days during both time periods. Thus, a larger fraction of CDNC originates from atmospheric aerosol formation during 2003/06 than during 1996/97, which balances the reduction in CDNC associated with primary emissions. However, as the number of event days was roughly the same as that of non-event days, the mean CDNC for 1996/97 would be almost the same as during 2003/06, and definitely within the uncertainty caused by lack of information on size dependent composition. This explains the unexpected results of the Ruckstuhl et al. [2010] study that a decrease in AOD does not lead in increased transmittance of clouds and thus the indirect aerosol effect through clouds is not seen although direct aerosol effect is clear. Unfortunately there is no aerosol size distribution data from Melpitz available for the period with the highest aerosol loadings prior to 96/97 that could be used to study the AOD-CDNC connection more comprehensively.
Conclusions
[24] In this study we have used a cloud parcel model to explore how the changes in aerosol size distribution could be reflected in the number concentration of cloud condensation nuclei and cloud droplets. The size distributions used were measured in the region of Eastern Germany in Erfurt and Melpitz in the 90s and the early years of the 21st century. These locations are chosen as in this region the decrease in the SO 2 emission since 1990 led to a fast decrease in the aerosol particulate mass concentration, and thus the aerosol direct effect is clearly seen [e.g., Ruckstuhl et al., 2010] . However, at the same time the first aerosol indirect effect, i.e., the change in cloud droplet concentration due to a change in aerosol particle properties leading to a change in optical properties, is not seen in the ground based measurements [Ruckstuhl et al., 2010] although the potential of aerosol particles to act as CCN has been shown to correlate with AOD at other locations [Andreae, 2009] .
[25] Our simulations based on measured aerosol particle size distributions suggest a clear decrease in AOD from the early to late 1990s in Erfurt. For example between winters 1991 and 1996, the AOD decreases by 58%. However, at the same time the decrease in CDNC is clearly less than 10% for low updraft velocities and low CDNC, for which the aerosol indirect effect should be most visible. In a less polluted area, where the Melpitz station is located, the measured aerosol size distribution is such that CDNC can even increase between 1996/97 and 2003/2006 depending on whether there is nucleation of new particles or not on the day the aerosol size distribution is measured. In Erfurt, the change in CDNC would result in less than a 2 W m À2 change in the diurnal mean SW radiation reaching the ground in overcast conditions, in spite of a large change in aerosol burden as measured by AOD. In the less polluted area of Melpitz, the change in SW radiation reaching the ground would be minimal. Thus, averaged over a larger area, we expect that the effect of the decreased aerosol concentration on the SW radiation reaching the surface in overcast conditions would be clearly less than 2 W m À2 , which is much less than the observed over 5 W m À2 increase in the clear sky radiation for the same period [Ruckstuhl et al., 2010] .
[26] Based on these results it can be concluded that although aerosol properties have changed and caused a clear decrease in the aerosol direct effect, the changes in indirect effects are expected to be much smaller or even non-existent. Thus the conclusion by Ruckstuhl et al. [2010] that the first aerosol indirect effect is not visible or is much smaller than the direct effect can be explained by the condensation kinetics related to cloud droplet activation. This does not imply that this is the sole reason why the aerosol indirect effect was not seen in the Ruckstuhl et al. [2010] study, since there might have been changes in large scale meteorology, or in cloud processes not captured by a cloud parcel model, that have counteracted the first aerosol indirect effect by modifying cloud properties. As can be seen from Figure 3c , a small change in the cloud liquid water path can be much more important for cloud radiative properties than the change in cloud droplet number concentration. To put it another way, our results indicate that a large change in cloud radiative effects in this region would have required changes in some other factors than the amount of atmospheric aerosol.
[27] Our results show that the use of AOD as a proxy for CCN can give results that are quite reasonable since a decreasing AOD leads to a decreased CCN concentration. However, a decrease in AOD cannot be seen as a strong decrease in CDNC as is the case with the CCN concentration. Thus AOD is not sufficient for inferring the CDNC. More information about the aerosol size distribution is needed if remote sensing methods are used to derive a proxy for aerosol properties that can be used to estimate cloud droplet number concentration.
